Cloned genes from tobacco, spinach, and pea were used as hybridization probes to localize 36 protein genes on the chloroplast chromosomes of four legumes -mung bean, common bean, soybean, and pea. The first three chloroplast DNAs (cpDNAs), all of which retain a large inverted repeat, have an identical gene order with but one exception. A 78 kb segment encompassing nearly the entire large single copy region is inverted in mung bean and common bean relative to soybean and non-legumes. The simplest evolutionary explanation for this difference is a 78 kb inversion, with one endpoint between rps8 and infA and the second between psbA and rpl2. However, we can not rule out a two-step rearrangement (consisting of successive expansion and contraction of the inverted repeat) leading to the relocation of a block of six ribosomal protein genes (rpsl9-rps8) from one end of the large single copy region to the other. Analysis ofgene locations in pea cpDNA, which lacks the large inverted repeat, combined with cross-hybridization studies using 59 clones covering the mung bean genome, leads to a refined picture of the position and nature of the numerous rearrangements previously described in the pea genome. A minimum of eight large inversions are postulated to account for these rearrangements. None of these inversions disrupt groups of genes that are transcriptionally linked in angiosperm cpDNA. Rather, the endpoints of inversions are associated with relatively spacerrich segments of the genome, many of which contain tRNA genes. All of the pea-specific inversions are shown to be positionally distinct from those recently described in a closely related legume, broad bean.
Introduction
Legumes represent an excellent group in which to study contrasting patterns of cpDNA evolution. Those legume cpDNAs that retain an ancestral large inverted repeat also share a highly conserved sequence order that differs by only a single inversion from the arrangement typical of most vascular plants Palmer et al. 1983 Palmer et al. , 1987a Palmer and Stein 1986; reviewed in Palmer 1985) . In contrast, another group of legumes, whose genomes lack the inverted repeat, undergo more frequent rearrangement. One of the most divergent of these rapidly rearranging legume genomes is that of Mendel's garden pea, Pisum sativum Thompson 1981a, 1982) . A lesser degree of rearrangement has occurred in the related species broad bean (Viciafaba); this has facilitated detailed mapping of rearrangement endpoints and resulted in three recent, independent models for the evolutionary derivation of its genome structure (Ko et al. 1987; Michalowski et al. 1987; Palmer et al. 1987a) .
We have mapped 36 protein genes in four legume cpDNAs and also performed extensive cross-hybridization experiments between two of the four in order to address two related questions of chloroplast genome evolution. First, where are the precise boundaries of the many rearrangements in pea cpDNA? Such information should allow us to infer the nature and number of these events. In addition, since a detailed transcriptional map is available for pea cpDNA (Woodbury et al. 1988) , we should be able to examine the relationship of rearrangements to the transcriptional organization of the chloroplast genome. Second, how stable in structure are three legume cpDNAs that retain the large inverted repeat? We show that two of the three genomes studied are invariant in order for the 36 genes mapped and that these two differ from the third by a single large inversion.
Materials and methods
Chloroplast DNAs were purified from mung bean (Vigna radiata cv. Berken) and common bean (Phaseolus vulgaris cv. Hawkesbury Wonder) by the sucrose gradient method (Palmer 1986 ). cpDNAs were purified from soybean (Glycine max cv. Harcor) and pea (t~'sum sativum cv. Alaska) by DNAase I-treatment of isolated chloroplasts (Kolodner and Tewari 1975) . Plasmid DNAs were purified from E. coli by the alkaline miniprep procedure of Birnboim and Doly (1979) .
Restriction endonuclease digestions, agarose gel electrophoresis, nick-translations, and filter hybridizations were performed as described (Palmer 1986 ). Southern blotting was by a combination of the bidirectional blotting procedure of Smith and Summers (1980) and the alkaline transfer procedure of Reed and Mann (1985) . Zetabind nylon filters were purchased from AMF Cuno, Inc. All filters were washed in 2 x SSC (0.3 M NaC1, 30 mM trisodium citrate) and 0.5% SDS at 65 ° prior to autoradiography. Prior to reuse, filters were stripped of hybridized probe with 0.4 N NaOH at 42 ° for 1 h and then washed in 0.1 x SSC, 0.5% SDS and 0.2 M Tris (pH 7.5) for 30 rain.
The 39 gene probes listed in Table 1 consist of plasmid clones containing the indicated fragments as single inserts. These were subcloned from clones containing larger fragments of epDNAs of spinach and pea (Palmer and Thompson 1981b) and tobacco (Suglura et al. 1986 ) as described in Jansen and Palmer (1987) . A bank of plasmid clones containing 59 cpDNA fragments (0.3-4.8 kb in size) that cover the mung bean genome were constructed from a set of 15 larger clones described previously (Palmer and Thompson 198 lb) . The positions of these fragments in the mung bean genome and the identities of the nine enzymes used for subcloning are shown in Fig. 5 . The indicated fragments were isolated from parent clones by gel electrophoresis and electroelution, and were then cloned into either pUC8 or pUC12.
Results and discussion

Gene maps o f four legume chloroplast DNAs
A total of 39 plasmids, containing portions of 36 proteins genes from tobacco, spinach, and pea (Table 1) , were nick-translated and hybridized to Zetabind filters containing digests of cpDNAs from mung-bean, common bean, soybean, and pea produced by the restriction enzymes whose maps are shown in Fig. 1 . All of the gene probes hybridized strongly to each of the four cpDNAs under standard hybridization conditions (65 °C, 2 x SSC wash). This result suggests that each of the 36 genes is likely to be present in these legume cpDNAs, although ultimate proof requires complete DNA sequence determination. Positive hybridization with gene probes located either strictly (e.g. rbcL middle) or nearly (e.g. rpoA)
internal to a single gene is evidence for the presence of at least a portion of the gene in question in the legume cpDNAs. Assignment is less certain for those genes mapped with probes containing large blocks of adjacent noncoding sequences (e.g. infA) or parts of two or more genes (e.g. psbE-psbF).
Our hybridization data have been in large part validated by the extensive independent hybridization mapping and sequence analysis performed in the case of pea cpDNA. No fewer than 17 of the 36 genes mapped in Fig. 1 have been shown to be fully present in pea cpDNA by DNA sequencing (for genes and references, see legend to Fig. 5 ). More critically, all regions to which we have assigned a particular gene have, when sequenced, been shown to contain that gene. Also, two other groups have used hybridization mapping to reach conclusions identical to ours regarding the positions of several of the unsequenced pea genes (Courtice et al. 1985; Berends et al. 1986 ). The only one of the 36 genes whose complete presence in pea cpDNA we have reason to doubt is rpl22 (indicated in Fig. i with a filled circle) . In recent experiments, we find that a 209 bp tobacco fragment containing the 5'-178 bp of rp122 coding sequences fails completely to hybridize to all legume cpDNAs tested under conditions in which it hybridizes strongly to 13 nonleguminous angiosperm cpDNAs (J. Palmer, unpublished data) .
The probable direction of transcription in the four legume genomes is shown for all 36 genes in Fig. 1 . For a number of genes, the differential hybridization of 5' and 3' probes (Table 1 ) allowed direct assignment ofgene orientation. Indirect assignments for the remaining genes were based on their known orientations in tobacco, spinach, and pea (from which the gene probes were constmcted), their tight clustering in these species, often as part of polycistronic transcription units (see references in Shinozaki et al. 1986 , Westhoff et al. 1988 , and the legend to Fig. 5 ), and their highly similar clustering in these legumes.
A large inversion among legume cpDNAs containing the inverted repeat
The inverted repeat-containing cpDNAs of mung bean and common bean are identical in gene order (Fig. 1) . However, they differ from soybean by the inversion of a 78 kb segment constituting nearly the entire large single copy region (Fig. 2) . The left endpoint of this inversion maps roughly to the spacer region between rps8 and infA, a segment that is 135 bp in length in tobacco ). The right endpoint maps to the spacer between psbA and rpl2, a region that is 600 bp long in tobacco . Within this 600 bp region lies a gene for tRNA ms, which is also contained (Shapiro and Tewari 1986) on the 3' psbA probe ( Table 1) that hybridized solely to the rps8 end of the large single copy region in mung bean and common bean. Hence, this inversion endpoint may well be located within the spacer that normally separates trnH and rpl2. a Sizes in bp are based on complete sequence data; sizes in kb are based on electrophoretie mobility of incompletely sequenced fragments b "-x" indicates gene probe starts x bp before the initiation eodon; "+x" indicates gene probe either starts or ends x bp following the initiation eodon; "++x" indicates gene probe ends x bp following the termination codon. e Fromm et al. (1986 ) l WiUey et al. (1984 q Shinozakiet aL (1986) d Tanaka et al. (1986) k Zurawski et al. (1986a, b) r Ohyama et al. (1986 ) e Sijben-MuUer et al. (1986 1 Zurawskiet al. (1982) s Cozens and Walker (1986) f Heinemeyer et al. (1984) m Kitsch et al. (1986) t ) g Westhoffet al. (1986 n Alt et al. (1984) u Hudson et al. (1987) h Morris and Herrmann (1984) o Rasmussen et al. (1984a) v Oishiet aL (1984) i Herrmann et al. (1984) P Ohme et al. (1986) The 78 kb inversion described here was not detected in an earlier study for the following reason. The inversion endpoints map at or near the large single copy boundary of two mung bean fragments (Pst3, of 17.2 kb, and Pst4, of 16.2 kb; cf. Figs. 1 and 2)that are largely identical, containing over half of the 25 kb inverted repeat (Fig. 1 ). In the 1983 study, these two mung bean fragments gave essentially identical patterns of hybridization to soybean cpDNA (which was lacking in restriction sites in the hybridizing regions), making it
,%, °.. ° Fig. 1 . Physical and gene maps of four legume cpDNAs. Restriction fragments are numbered according to size, starting with the largest fragment. The mung bean and pea restriction maps are from Palmer and Thompson (1981a) , the common bean map is from Mubumbila et al. (1983) and Palmer et al. (1983) , and the soybean map is from Palmer et al. (1983) and Spietmann et al. (1983) . The two long, heavy black arcs represent the large inverted repeats present in three of the four genomes. The single copy regions in these three genomes are shown in only one of two possible relative orientations (reviewed in Palmer 1985) . Arrows at bottom of maps indicate direction of transcription of genes shown on the inside (transcribed clock-wise) and outside (transcribed counterclock-wise) of the outermost circle. Genes that are at least partially deleted are indicated with filled circles. Most of the gene assignments presented here are new, except for a few genes previously mapped in mung bean (see Palmer et al. 1987a and references therein) and soybean (see Singh et al. 1985, yon Allmen and Stutz 1987 and references therein) , and a large number of genes previously mapped in pea (see legend to Fig. 5) impossible to detect such an inversion having both endpoints near the ends of the large single copy region. The use of much smaller gene probes has now permitted detection of the 78 kb inversion and leads us to suggest that the "two regions of deletions/additions ... at the ends of the large single copy DNA region" are probably artefacts of the previously improper alignment of the mung bean and soybean genomes.
All legumes share a derived 50 kb inversion within their large single copy region relative to all nonlegumes (Figs. 2 and 3; Palmer et al. 1987a) . Aside from this one difference, gene order in soybean is identical to that of tobacco (Fig. 2) and most other vascular plants (Palmer and Stein 1986) . Therefore the 78 kb inversion must have occurred in the common ancestor (Fig. 3) (Koller and Delius, 1980; Thompson 1981a, 1982; Palmer et al. 1987a ); 2-3 inversions in broad bean (Ko et al. 1987; Michalowski et al. 1987; Palmer et al. 1987) ; 8 inversions in pea (this paper); 78 kb inversion (this paper) mung bean and common bean (which both belong to the subtribe Phaseolinae of the tribe Phaseoleae), after the divergence of this lineage from that leading to soybean (which belongs to subtribe Glycinae of Phaseoleae). While a single inversion is the simplest hypothesis to explain the difference in gene order among these three legumes, an alternative is suggested by the proximity of the rearrangement breakpoints to the boundaries of the inverted repeat and large single copy regions. Figure 4 diagrams a two-step process, of expansion of the inverted repeat and duplication of the approximately 4 kb rpsl9-rps8 gene cluster, followed by contraction to the same starting point but with deletion of the original copy of the gene cluster. Since the two segments of the inverted repeat are completely identical (Ohyama et al. 1986; Shinozaki et al. 1986 ) and since frequent "flip-flop" recombination between repeat segments randomizes polarity between large and small single copy regions (Palmer 1983; Palmer et al. 1984) , this expansion-contraction cycl e (Fig. 4) leads to the same relative arrangement of mung bean and soybean as the inversion shown in Fig. 2 .
Although we favor the inversion model over the expansion-contraction one for reasons of both parsimony and simplicity, the latter model is by no means unreasonable. Precedents for evolutionary expansions and contractions of the inverted repeat are known in Nicotiana acuminata (3.4 kb expansion; Shen et al. 1982) , geranium (50 kb expansion; Palmer et al. 1987b) , and coriander (15 kb contraction Palmer 1985) . Moreover, many laboratory mutants of Chlamydomonas reinhardtii have inverted repeats of varying degrees of expansion and contraction (Palmer et al. 1985a) . The likelihood of an expansion-contraction cycle restoring the original (within the limits of resolution of Southern hybridization) boundary between inverted repeat and large single copy region might seem small. However, the fact that this boundary is rather precisely conserved in a wide range of dicots and monocots Zurawski et al. 1984; Posno et al. 1985; Sugita et al. 1984) suggest that there may be factors tending to constrain and, indeed, even restore this junction.
Nature and timing of rearrangements in pea cpDNA
The existence of multiple rearrangements in pea cpDNA was inferred several years ago based on the complex hybridization patterns obtained using cloned fragments of mung bean cpDNA as probes Thompson 1981a, 1982) . Figure 5 summarizes In our previous studies, a mall number (14) of relatively large (average size 10.6 kb) mung bean fragments were used to map rearrangements in pea cpDNA Thompson 1981a, 1982) . In the present study, we have subdivided these 14 original clones into 59 subclones averaging 2.1 kb in size, each of which was hybridized to Zetabind filters containing digests of pea cpDNA with KpnI, PstI, SacI, SalI, Sinai, and XhoI. Certain mung bean clones were also hybridized to digests of pea cpDNA with BamHI, BglII, EcoRI, and HindIII to provide resolution in regions deficient in sites for the first six enzymes. The mung bean genome in Fig. 5 is represented in a soybean-like form -without the 78 kb inversion;cf. Figs. 2 and 5 -to focus attention on the rearrangements that occurred in a pea-specific lineage. The pea rearrangements shown in Fig. 5 approximate in number and location those described in our earlier, low-resolution studies Thompson 1981 a, 1982) , but are here positioned more precisely with respect to their endpoints and gene content. This finer level of analysis reveals that, although rearrangement is indeed quite extensive in the pea genome, the average block of rearranged sequences is large (only blocks 2, 5, and 9B are less than 5 kb) and generally contains multiple genes.
At our current level of resolution, the pea and mung bean genomes contain largely, if not entirely, the same sequence content. Except for a 2.8 kb XbaI fragment from the small single copy region, every mung bean subclone hybridized strongly to pea cpDNA (Fig. 5) . Interestingly, the one region in pea cpDNA that is not hybridized to by any mung bean clones has the same flanking sequences (blocks 4A and 4B) as the mung bean fragment that failed to hybridize to pea cpDNA (Fig. 5) . It is possible that this is a truly homologous region, but one in which sequence change has been so rapid that pea and mung bean sequences fail to form stable hybrids under our experimental conditions. Alternatively, the pea-and mung bean-specific sequences could simply be nonhomologous, having different histories of insertion and deletion in the two genomes.
Knowledge of the precise number and positions of rearrangement breakpoints in pea cpDNA (Fig. 5 ) allows us to put forward a model for the evolution of the pea genome from an unrearranged legume genome (Fig. 6) . The nature of the first and last of these alterations is unambiguous. As described in detail in an earlier paper (Palmer et al. 1987a) , the deletion of one segment of the large inverted repeat preceded all other known rearrangements in such rearranged genomes as broad bean, subclover, and also pea. Figure 5 presents evidence in support of this conclusion, i.e. pea cpDNA has lost the same one of the four possible inverted repeat configurations as shown previously (Palmer et al. 1987a ) for these and other legumes. The most recent of pea rearrangements is a small inversion (of region 9B in Figs. 5 and 6) occurr- Poggg spphh h p m pp c ps tee c csb bb bb sgg 9 g phchh Fig. 5 . Arrangement of homologous sequences in the mung bean (bottom maps) and pea (top maps) chloroplast genomes. A total of 59 cloned restriction fragments covering the mung bean genome were hybridized to Southern blots containg KpnI (k), PstI (p), Sacl (c), Sail (s), Sinai (m), and XhoI (x) digests of pea cpDNA. In addition, to achieve adequate resolution in regions of the genome depauperate in sites for these six enzymes, selected mung bean clones were hybridized to digests of pea cpDNA with BamHI (b), BgllI (g), EcoRI (e), and HindlII (h). Sites in the mung bean map are indicated with the same letters as in pea, with XbaI sites indicated by "a". Numbered horizontal arrows indicate the position and relative orientation of blocks of sequences that cross-hybridize and whose arrangement has been conserved between the two genomes. All arrows are drawn to scale, except those representing block 2, which consists of but a single tRNA gene (for Leu-CAA). The inversion in the pea genome of block 9B relative to 9A and 9C represents a previously described inversion in t~'sum humile, a wild ancestor of the garden pea, P. sativum (Palmer et al. 1985b ). The crossing lines connect homologous sequence blocks. Dotted lines within the horizontal arrows indicate sequences present in only one of the two genomes. The vertical arrows in the mung bean map indicate the positions of the four endpoints of two inversions mapped in broad bean cpDNA (Palmer et al 1987a) , Note that the mung bean genome is shown in a soybean-like arrangement (the asterisks indicate the region that has been inverted; of. Fig. 2 ) in order to represent the ancestral legume gene order and facilitate presentation of the pea-specific rearrangements. Genes shown above the top and bottom lines are transcribed from right-to-left, while those shownbelow the lines are transcribed from left-to-right. Mung bean gene positions are from Fig. 1 , while pea data are from Fig. 1 and the following sources of sequenced pea genes (genes are given in order from left-to-right in the genome; tRNA genes are indicated with the single letter amino acid code): trnV-5S rRNA (Stumman et al. 1987) ; trnR-trnL (Shapiro and Tewari 1986) ; trnS and psbC (Brookjans et al. 1986 ); psbD (Rasmussen et al. 1987) ; trnE-trnD (Rasmussen et al. 1984b) ; psaA and psaB (Lehmbeck et al. 1986 ); rpsl4-trnG (Lehmbeck et al. 1987) ; atpE and atpB (Zurawski et al. 1986a) ; rbcL (Zurawski et al. 1986b) ; psbA (Oishi et al. 1984) ; trnH (Shapiro and Tewari 1986) ; rpsll (Purton and Gray 1987) ; petD (Phillips and Gray 1984) ; trnW and trnP (Lehmbeck et al. 1987) ; rpoC2 and rps2 ; atpI ); atpH-atpA (Hudson et al. 1987) ; trnR and trnG (Shapiro and Tewari 1986) ; "60 kd" (Smith and Gray 1986; J. Gray, personal communication) ; "20 kd" and petA (Willey et al. 1984) . In addition, trnK and its intron-encoded maturase-related gene (Neuhaus and Link 1987; Sugita et aL 1985) were mapped in pea using as hybridization probe a 961 bp BamHI-BgllI fragment cloned from tobacco. Filled circles indicate genes that are partially deleted ing in a single population of Pisum humile, a close relative of the domesticated pea, P. sativurn (Palmer et al. 1985b) . Figure 6 presents one of several equally parsimonious (in number of steps) pathways for interconverting genomes containing the first (an "alfalfa" type; Palmer et al. 1987a ), but lacking the last (a "P. sativum" type) of these pea rearrangements. This scheme postulates seven rearrangements, all of them inversions, and is neutral with respect to the temporal order of the seven inversions shown, i.e. the same seven inversions could have been diagrammed in a different order to produce the same endproduct genome. Other seven-inversion models that also account for the present day arrangement of the pea ge- (Fig. 5) into a dynamic one of lower complexity, i.e. seven specific rearrangements (Fig. 6) . Further, it suggests that a single type of rearrangement -inversionis the major historical force responsible for the reshaping of the pea chloroplast genome. This feature unites pea cpDNA with most other angiosperm cpDNAs, where inversions are the most common internal rearrangements found, albeit usually more rarely than in pea (reviewed in Palmer 1985) . In contrast, in subclover and geranium transposition my be a major force leading to cpDNA reorganization (Palmer et al. 1987a (Palmer et al. , 1987b . Three of four inversion endpoints previously mapped in broad bean cpDNA (Palmer et al. 1987a) clearly do not align with any of the pea inversion boundaries; in fact all three are located within a single block (no. 6; Fig. 5 ) of sequences that are unrearranged in pea. Since only one of the four does align with a pea breakpoint, we conclude that each of the 2-3 inversions mapped in broad bean (Ko et al. 1987; Michalowski et al. 1987; Palmer et al. 1987a ) probably occurred independently of the 8 inversions described in pea (Fig. 3) . That pea and broad bean have independent histories of cpDNA inversions is striking in view of their close taxonomic relationship, i.e. both belong to the same tribe (Vicieae) of legumes (Polhill et al. 1981) .
Mechanisms and functional significance of pea cpDNA inversions
A major constraint on rearrangements in pea appears to be the organization of the chloroplast genome into large clusters of polycistronically transcribed genes. Five of the larger rearrangement blocks (numbers 3, 8, 7, 11, and 9A) are nearly saturated with genes and in all cases appear to be occupied primarily by one or a few large clusters of genes thought to be polycistronic operons in such plants as spinach and tobacco (Fig. 5) . Block 3 contains primarily the rRNA operon (Stumman et al. 1987) and the 3'rpsl2-rps7 operon (Fromm et al. 1986; Koller et al. 1987 ; the location of the trans-spliced 5' exon of rpsl2 is not known in pea). Blocks 8 and 7 have been essentially entirely sequenced by Henningsen's group (Rasmussen et al. 1984a (Rasmussen et al. , 1984b (Rasmussen et al. , 1987 Bookjans et al. 1986; Lehmbeck et al. 1986 Lehmbeck et al. , 1987 . Each is largely occupied by a single putative operon of protein genes [psbD-psbC in the case of block 8 and psaA-rpsl4 in block 7 (Kitsch et al. 1986) ] and also includes a few tRNA genes whose transcriptional linkage, if any, is unclear. Block 11 is 14 kb in size and contains 15 protein genes, yet may be organized into as few as two operons bB-petD (Heinemeyer et al. 1984; Morris and Herrmann 1984; Westhoff et al. 1986 ) and rp123-rpoA (H. Grune and P. Westhoff, personal communication) ]. Block 9A is 19 kb in size, yet may contain but two operons of protein genes [rpoB-rpoC2 (Hudson et al. 1988 ) and rps2-atpA (Hudson et al. 1987; Westhoff et al. 1988) ].
Although the strongest evidence for these evolutionarily conserved sequence blocks being operons comes from non-legumes, the accompanying paper (Woodbury et al. 1988) presents Northern data consistent with some also being operons in pea. For example, large transcripts spanning multiple protein genes are found in pea in the case of the putative operons for 3'rpsl 2-rps7, psbD-psbC, psaArpsl4, and psbB-petD (Woodbury et al. 1988) . In addition, large, putatively polycistronic transcipts that map to these same regions are also found in chloroplasts of mung bean (Palmer et al. 1984 ; data not shown).
Operon-spanning transcripts are not found in pea in the regions of rpoB-rpoC2 and rp123-rpoA (Woodbury et al. 1988) . Their absence may reflect a very low level of primary transcript from these putative operons, as no transcripts of any size were detected in pea for large parts of both regions (Woodbury et al. 1988) . Additionally, there may be a fundamentally different organization of these regions in pea, and perhaps other legumes, compared to such plants as spinach and tobacco. One possibility is that certain genes are no longer actively transcribed, perhaps existing as pseudogenes. This appears to be the case for rp122, at least part of which has been deleted from all legume cpDNAs (see section on Gene Maps), and may hold also for rpsl9, which is adjacent to rpl22.
Neither of these genes is represented by detectable transcripts in pea (Woodbury et al. 1988) . Another possibility is that transcription units are smaller and more numerous in legume cpDNAs. Indirect evidence for this idea comes from consideration of two rearrangements found in legumes other than pea. First, the 78 kb inversion present in mung bean and common bean (Fig. 2) disrupts the physical and transcriptional (H. Grune and P. Westhoff, personal communication) linkage between the eight gene rp123-rps8 cluster and the three gene infA-rpoA cluster that is conserved not only in pea and most angiosperms but also the liverwort Marchantia polymorpha (Ohyama et al. 1986 ). Second, a rearrangement in subclover cpDNA separates rpoB-rpoC1 from rpoC2 (B. Milligan, J. Hampton, J. Palmer, unpublished data), all three of which are cotranscribed in spinach (Hudson et al. 1988) .
Transfer RNA genes are located at or near the endpoints of many of the rearranged areas (blocks 3, 8, 7, 10, 9A) in pea cpDNA (Fig. 5 ). In addition, block 2 appears to consist of but a single tRNA gene (for Leu-CAA). An association between tRNA genes and rearrangement borders has also been noted for three inversions in wheat cpDNA (Howe 1985; Quigley and Well 1985; Howe et al. 1988 ) and for several rearrangements in animal mtDNA (Cantatore et al. 1987; Moritz and Brown 1987; Turker et al. 1987) , prompting the suggestion that similarities in tRNA gene primary and/or secondary structures might facilitate recombination and rearrangement. However, in chloroplasts the proximity of tRNA genes and inversion boundaries may be coincidental, reflecting the fact that chloroplast tRNA genes are often found as small islands within relatively large spacer regions ). Sequence analysis of the endpoints of a number of cpDNA rearrangements is needed to evaluate further the relative contributions of tRNA genes and spacer sequence elements (e.g., short dispersed repeats) in generating these alterations. To be most informative, such studies should focus on recent rearrangements and, for proper comparison, include the most closely related unrearranged genome for each event analyzed.
